Epilepsy is a heterogeneous condition with varying etiologies including genetics, infection, trauma, vascular, neoplasms, and toxic exposures. The overlap of psychiatric comorbidity adds to the challenge of optimal treatment for people with epilepsy. Seizure episodes themselves may have varying triggers; however, for decades, stress has been commonly and consistently suspected to be a trigger for seizure events. This paper explores the relationship between stress and seizures and reviews clinical data as well as animal studies that increasingly corroborate the impact of stress hormones on neuronal excitability and seizure susceptibility. The basis for enthusiasm for targeting glucocorticoid receptors for the treatment of epilepsy and the mixed results of such treatment efforts are reviewed. In addition, this paper will highlight recent findings identifying a regulatory pathway controlling the body's physiological response to stress which represents a novel therapeutic target for modulation of the hypothalamic-pituitary-adrenal (HPA) axis. Thus, the HPA axis may have important clinical implications for seizure control and imply use of anticonvulsants that influence this neuronal pathway.
Introduction
Stress, whether it is viewed as physical or psychological, makes most medical illness worse. Stress may be described as an anxiety state, either generalized or situational, and may be associated with psychosocial conditions, psychiatric illness, or the wearying effects of chronic medical illness. Stress worsens psychiatric conditions and contributes to treatment resistance for a wide range of illnesses including psychosis, mood disorders, and anxiety states. Over the past few decades, the understanding of neurological and endocrine pathways of stress has exponentially increased and allows sophisticated investigation of brain and behavior relationships.
Many patients with epilepsy report that stress exacerbates their seizures [1] [2] [3] [4] [5] [6] (for review see [7] ). Anecdotes abound of seizure episodes occurring more often during high anxiety moments or in the context of external stressors that are perceived to be overwhelming [8] . Consistent with the role of stress in epilepsy, basal levels of stress hormones are elevated in patients with epilepsy and are further increased following seizures [9] . Cortisol levels are elevated in patients during the postictal period as compared to control subjects [9] [10] [11] . In addition, in a subset of patients with epilepsy, basal plasma cortisol levels are elevated as compared to persons without epilepsy [9, 12] . Furthermore, increased seizure frequency in patients with epilepsy is associated with increased cortisol levels [12] . Despite the intriguing theoretical considerations, the empirical evidence supporting the role of stress in epilepsy has remained controversial. However, today, new investigations may ultimately prove to enlighten clinicians and researchers, who for centuries have been positing stress as causal for seizure episodes.
This manuscript will review the current understanding of the role of stress in epilepsy in both humans and in animal models. The current level of understanding regarding the mechanisms underlying how seizures are triggered by stress will be reviewed, and discussion will include speculation of how to prevent seizures from being triggered. Also highlighted are exciting new findings which reveal a novel mechanism controlling the body's physiological response to stress which may represent a potential target for the treatment of epilepsy.
Overview of stress hormone regulation

The hypothalamic-pituitary-adrenal (HPA) axis
The body's physiological response to stress is mediated by the HPA axis. A specialized subset of parvocellular neurosecretory neurons in the paraventricular nucleus (PVN) of the hypothalamus controls the activity of the HPA axis. Corticotropin-releasing hormone (CRH) neurons release CRH into the hypophyseal portal system which acts in Epilepsy & Behavior 26 (2013) [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] [362] the pituitary gland to signal the release of ACTH. Adrenocorticotropic hormone (ACTH) then triggers the release of cortisol from the adrenal cortex in humans (corticosterone in rodents). There are numerous regulatory pathways controlling the stress response. The negative feedback of glucocorticoids is a well-characterized mechanism regulating the HPA axis. The classic action of steroid hormones involves binding to steroid hormone receptors, translocation of this ligand-bound receptor complex to the nucleus, and either activation or repression of gene transcription by binding to a glucocorticoid response element in the promoter of glucocorticoid-regulated genes. Glucocorticoid signaling occurs via both a "fast" negative feedback mechanism, which is thought to involve non-genomic actions, and a "delayed" negative feedback mechanism that involves genomic actions (for review see [13] ). These effects are mediated by two different types of glucocorticoid receptors, mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs), respectively [14] .
In addition to the negative feedback of glucocorticoids, it is also evident that the HPA axis is regulated by input from numerous different brain regions and neurotransmitter systems (for review see [15] ). The prefrontal cortex, hippocampus, amygdala, the bed nucleus of the stria terminalis (BST), and others influence CRH neurons, either directly or indirectly. The regulatory role of these brain regions is discussed extensively under the "Limbic circuitry and HPA axis regulation" section.
Ultimately, the control of CRH neurons, and thus the HPA axis, is tightly regulated by GABAergic inhibition (for review see [16] ). Corticotropin-releasing hormone neurons receive robust GABAergic input and largely originate from GABAergic neurons residing in the anterior hypothalamic area, dorsomedial hypothalamic nucleus, medial preoptic area, lateral hypothalamic area, multiple nuclei within the bed nucleus of the stria terminalis, and from a local interneuron population surrounding the PVN (peri-PVN). The activity of these neurons is regulated by both tonic and phasic GABAergic inhibition [17] [18] [19] [20] , highlighting the role of different GABA A R subtypes in the control of these neurons [21] (for review see [22] ). GABA A receptors (GABA A Rs) and extracellular GABA levels [17, 18] regulate the activity of CRH neurons. Consistent with the importance of GABAergic inhibition in regulating the HPA axis, in humans, GABA agonists have been shown to produce the most robust inhibitory effect on both spontaneous and stimulated HPA axis activities [23] .
Numerous GABA A receptor subunits have been identified in the PVN of the hypothalamus, including the GABA A R δ subunit [20, 24] . Interestingly, it was also discovered that there are changes in the expression of extrasynaptic α5 and δ subunit-containing receptors following chronic stress in parvocellular neurons in the hypothalamus [25] , implicating extrasynaptic GABA A receptors, including the δ subunit-containing receptors, in stress reactivity. Furthermore, recent studies have shown that CRH neurons are regulated by GABA A R δ subunit-containing receptors which are uniquely sensitive to neurosteroid modulation, including stress-derived neurosteroids (see the "Novel therapeutic targets" section). These data suggest that extrasynaptic GABA A receptors may be an important target for HPA axis control.
Stress and epilepsy
A clinical view of stress and epilepsy
The majority of patients with epilepsy identify factors precipitating seizures [26] , including sleep deprivation, alcohol intake, menstrual status, and stressful life events. Overwhelmingly, the most common precipitating factor reported is stress, with 30-64% of patients reporting feeling stressed prior to seizure occurrence [1] [2] [3] [4] [5] [6] (for review see [7] ). However, it is also plausible that physiological changes preceding seizure activity induce a feeling of stress in patients with epilepsy, such as in the form of an aura. Although the association between stress and seizure activity is anecdotally widely accepted, it has been difficult to quantify the impact of stress on seizure susceptibility in the human population due to, in part, the vague definition of the word "stress" and the lack of objective measures of stress. Therefore, these studies have largely relied on self-reporting in the human population. These findings remain controversial due to the fact that sleep disturbances, substance abuse/alcohol intake, hyperventilation, and noncompliance with antiepileptic drugs (AEDs) have also been identified in association with stress (for review see [7] ), therefore masking the contribution of individual factors. Controlled studies are uncommon, but a few key studies have contributed to the understanding of the relationship between stress and epilepsy.
In an attempt to quantify changes in excitability related to stress, electrographic activity was measured in patients exposed to stressful stimuli. In a classic study, the electrographic activity in patients with epilepsy and individuals without epilepsy was monitored while enduring emotionally stressful stimuli, such as being subjected to a series of accusations and criticisms. Nearly 70% of patients with epilepsy exhibited what the authors referred to as "pathological EEG changes" including exaggeration of spiking, paroxysmal activity, or epileptiform responses while being subjected to the stressful stimuli [27] . In this study, no epileptiform changes were observed in individuals without epilepsy subjected to these stressors [27] . However, in another study of individuals without epilepsy, subtle EEG changes have been observed, including a narrowing of the bandwidth and regional changes in frequency, in response to stressful verbal stimuli [28] . Strikingly, blind analysis of the EEG recordings correctly identified stressful stimuli responses in 92% of the traces studied [28] , demonstrating a characteristic EEG change associated with stress. These studies suggest that stressful stimuli are sufficient to alter electrographic activity in both patients with epilepsy and those without epilepsy [27, 28] , which may contribute to increase seizure susceptibility when confronted with stressful events.
In a separate study, patients were closely monitored to evaluate seizure occurrence in relation to stressful life events. Patients with a history of four or more seizures per month were monitored by a caregiver recording seizure activity and daily events with no knowledge of the study aims. Temkin et al. discovered that individual patients with epilepsy demonstrated a significant association between seizure frequency and stress, recording that stressful events increased seizures in 58% of patients [29] . These closely monitored case studies suggest that stress may alter excitability and seizure frequency in at least a subgroup of individuals with epilepsy. However, it is important to note that these prospective studies rely on either self-reporting or reporting by a third party which is often limited and variable between individuals studied. Furthermore, these prospective studies can only correlate seizure activity to previous life experiences which may not represent a cause and effect relationship. Despite these limitations, these studies provide a valuable analysis of seizure frequency in patients with epilepsy in relation to daily life stress.
Larger population studies have also been conducted to determine seizure susceptibility in the context of significant emotional and/or environmental stress. The frequency of seizures is increased in highstress environments, such as war-affected regions, compared to low stress, non-war-affected areas [30, 31] . Neufeld et al. conducted a retrospective study of seizure occurrence in Israel during the Gulf War [31] . Patients with epilepsy self-reported an increase in seizure frequency following attacks on Israel in early 1991 during the Gulf War [31] . Similarly, in a retrospective study, Bosnjak et al. studied seizure frequency in children from war-affected regions and nonwar-affected regions [30] . This study observed an increase in seizure occurrence in children with epilepsy from war-affected regions compared to non-war-affected regions [30] . The authors note that the increased seizure frequency was related to disturbances in waking and sleeping in war-affected regions [30] , which is consistent with the impact of stress on seizure susceptibility but may also confound interpretation of these findings. Seizure frequency is also increased in association with the stress of a natural disaster [32] . Swinkels et al. evaluated seizure frequency in flood-affected regions in the Netherlands in 1995 compared to regions unaffected by the floods [32] . This study demonstrates that seizure frequency in patients with epilepsy was increased in flood-affected regions compared to unaffected regions [32] . Interestingly, de novo seizure occurrence was also increased in persons without established epilepsy in floodaffected regions as compared to the unaffected areas [32] . In addition to increasing seizure frequency in patients with epilepsy, several studies suggest that stress may also increase the de novo incidence of seizures in the general population. For example, in a retrospective study, Moshe et al. observed an increase in the incidence of seizures in soldiers assigned to high-stress combat units, with no previous history of seizures, versus those assigned to low-stress administrative units [33] . This study also attempted to investigate the impact of a stressful environment on seizure incidence in individuals with a history of seizures. Although relatively few soldiers examined in this study had a history of epilepsy, those with known epilepsy had an equal incidence of seizures whether serving in combat units or administrative units [33] . These findings suggest that high-stress environments may independently increase the incidence of seizures beyond the contribution of pre-existing epilepsy. However, it is important to consider that additional factors may contribute to increased seizures in high-risk combat units, such as increased likelihood of trauma and enhanced motivation to report.
Additional studies also support the role of extreme stress in increasing the incidence of de novo seizures. Christensen et al. demonstrated that severe stress resulting from the loss of a child increases the risk for epilepsy [34] . This population-based follow-up study demonstrated a 50% increased risk of epilepsy in parents who lost a child compared to those who did not [34] . However, many of these retrospective studies are limited by the reliance on self-reported seizure occurrence, which may be biased, and often lack a proper control group. Efforts to directly test the relationship between stress and epilepsy using animal models have served to further elucidate the underlying molecular mechanisms.
Effects of stress on seizure susceptibility
Some groups have attempted to clarify the role of stress on neuronal excitability and seizure susceptibility using animal models. However, given the bimodal actions of most steroid hormones, including stress-induced steroid hormones, interpreting the effects of stress on seizure susceptibility is complex. Previous studies have generated conflicting results due to differences in the stress paradigms used, duration of the stressors, outcomes measured, and the timing of the stressor in relation to the outcomes measured. For purposes of brevity, this review will explore the current knowledge on the effects of acute and chronic stress on seizure susceptibility in adult animals only and will not address the vast literature on the impact of early life stress (for reviews on this subject matter see [35, 36] ). Acute stress is defined as being subjected to a single stressful episode, whereas chronic stress refers to being subjected to repeated stressors typically occurring over multiple consecutive days. Furthermore, this section will focus on stress-induced changes in inhibition with a particular focus on brain regions relevant to seizure generation.
Acute stress
Generally speaking, acute stress is thought to be anticonvulsant, whereas chronic stress is thought to be proconvulsant. Animal models that utilize acute swim stress have been shown to increase the threshold to induce seizures with pentylenetetrazol (PTZ) [37, 38] , bicuculline, picrotoxin, strychnine, and 4-aminopyridine [39] (for review see [40] ). Similarly, acute cold restraint stress increased the latency to seizure onset induced with PTZ [41] . These studies suggest that acute stress decreases seizure susceptibility, which has been proposed to be due to acute stress-induced increased GABAergic inhibition.
Changes in GABA A receptor subunit expression have been demonstrated following acute stress [42] , resulting in increased GABAergic inhibition [42] . Specifically, acute CO 2 stress increases the expression of the extrasynaptic GABA A receptor δ subunit in the hippocampus and increases tonic GABAergic inhibition, mediated by these receptors, in dentate gyrus granule cells [42] . In addition, acute stress increases the frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) in CA1 pyramidal cells via a GR-dependent, non-genomic mechanism [43] . The stress-induced alterations in GABA A receptor subunit composition and enhanced GABAergic inhibition may explain the decreased seizure susceptibility following acute stress (for review see [40] ).
The anticonvulsant effects of acute stress are thought to be mediated by the actions of the neurosteroid allotetrahydrodeoxycorticosterone, THDOC, on GABA A receptors [37] (for review see [44] ). Interestingly, neurosteroids act preferentially at δ subunit-containing GABA A receptors [45, [45] [46] [47] [48] [49] , which are upregulated following acute stress [42] . Neurosteroids are endogenous positive allosteric modulators of GABA A receptors which can exert profound effects on neuronal excitability. Under physiological conditions, such as in response to acute stress, THDOC levels increase to concentrations sufficient to potentiate GABAergic inhibition [50, 51] . The effects of THDOC on GABA A receptors are thought to underlie the anticonvulsant actions of acute stress [37] (for review see [44] ), since THDOC has been shown to exert anticonvulsant effects on PTZ, bicuculline, pilocarpine, maximal electroshock, kindling, kainic acid, and NMDA-induced seizures (for review see [52] ).
These data suggest that acute stress is anticonvulsant, which may seem contrary to the observations of increased seizure frequency related to stress in humans. Therefore, it has been proposed that acute stress is protective against seizure events, whereas chronic stress may be deleterious. Consistent with this theory, chronic stress has been shown to increase seizure susceptibility, as discussed next.
Chronic stress
Surprisingly, few studies have directly investigated the impact of chronic stress on seizure susceptibility in adult animals (for review see [53] ). Chronic social isolation stress has been shown to decrease the threshold for bicuculline-induced seizures [54] . Similarly, chronic social isolation stress increased seizure susceptibility in response to picrotoxin [55] . These data suggest that chronic stress is associated with increased seizure susceptibility, which may involve numerous pathological changes, including alterations in excitatory and inhibitory synaptic transmission, suppressed neurogenesis, and glucocorticoidinduced hippocampal damage (for review see [56] ).
Similar to acute stress, alterations in GABAergic inhibition have been documented following chronic stress. Following chronic social isolation stress, there is increased expression of the GABA A receptor α4 and δ subunits in the CA1 and CA3 regions of the hippocampus and in the dentate gyrus molecular layer [57] . These changes are associated with functional alterations in GABAergic synaptic transmission. Chronic restraint stress has been shown to increase the frequency of sIPSCs in CA1 pyramidal neurons [43] , whereas subjection to chronic mild stress decreases the frequency of sIPSCs in dentate gyrus granule cells [58] . Notably, the most robust effect appears to be enhanced tonic GABAergic inhibition in dentate gyrus granule cells [57, 58] . These data support altered GABAergic inhibition in response to chronic stress; however, enhanced GABAergic inhibition following chronic stress cannot explain the increased seizure susceptibility. Furthermore, it is difficult to interpret the cumulative effect of these numerous changes in multiple sub-regions of the hippocampus, some of which may be compensatory physiological responses.
Chronic stress has also been shown to decrease the brain concentrations of neurosteroids [59, 60] , which can dampen the neurosteroidmediated potentiation of GABAergic inhibition, thereby altering neuronal excitability. Consistent with decreased neurosteroid modulation, chronic social isolation stress induces a decrease in the expression of 5α-reductase, an essential enzyme in the synthesis of neurosteroids [60] . Deficits in neurosteroids following chronic stress may contribute to decreased GABAergic inhibition, which potentially contributes to increased seizure susceptibility. Although the evidence is limited, these findings support the hypothesis that blunted neurosteroid production may be a link between stress and epilepsy.
Chronic stress has also been shown to induce hippocampal damage/remodeling which may contribute to network hyperexcitability (for review see [56] ). Multiple chronic stress paradigms have been demonstrated to induce atrophy of dendrites in the CA3 region of the hippocampus (for review see [56] ), a region particularly vulnerable to neurodegeneration. In addition, chronic stress suppresses adult neurogenesis (for review see [56] ), which may also contribute to changes in network function. Although it is difficult to directly determine the impact of these changes on hippocampal function, it is plausible that these structural changes following chronic stress contribute to hippocampal network hyperexcitability and increased seizure susceptibility.
These findings highlight the opposing effects of acute and chronic stress on seizure susceptibility. Further complicating the effect of stress on seizure susceptibility is the timing of stress in relation to seizure initiation, which significantly impacts seizure susceptibility. It has recently been demonstrated that the latency of seizure induction following stress impacts seizure susceptibility due to actions on mineralocorticoid versus glucocorticoid receptors [61] . Rapid actions of stress hormones (within 30 min) on MRs increase seizure susceptibility, whereas delayed actions of stress hormones (within an hour) on GRs decrease seizure susceptibility in response to kainic acid administration [61] . These findings highlight the complex actions of acute and chronic stress on neuronal excitability.
Stress hormones and seizure susceptibility
To more directly explore the impact of stress hormones on neuronal excitability and seizure susceptibility, studies have focused upon examining the impact of exogenously administered stress hormones.
Deoxycorticosterone
Deoxycorticosterone (DOC) exerts its effects primarily via actions on mineralocorticoid receptors. In addition, the neurosteroid, THDOC, can be synthesized from deoxycorticosterone, thus implying diverse activities of DOC. The effects of deoxycorticosterone are largely anticonvulsant [37, [62] [63] [64] [65] [66] . Deoxycorticosterone administration increases the threshold to induce seizures with PTZ, picrotoxin, and amygdala kindling [37, [62] [63] [64] [65] [66] . The anticonvulsant actions of DOC are thought to be mediated by the metabolism of THDOC and the potentiation of GABA A receptors, since the anticonvulsant effects of DOC are abolished by treatment with the neurosteroid synthesis inhibitor, finasteride [37] .
Corticotropin-releasing hormone
Corticotropin-releasing hormone (CRH), also termed corticotropinreleasing factor (CRF), exerts its actions through activation of two subtypes of CRF receptors, CRFR1 and CRFR2. The activity of CRF on these G-protein-coupled receptors primarily involves cAMP production (for review see [67] ).
Exogenous application of CRH increases the spontaneous firing rate of CA1 pyramidal neurons [68] . Corticotropin-releasing hormone also enhances the extracellular field excitatory postsynaptic potentials (fEPSPs) in the CA1 region of the hippocampus [69] . In addition, CRH is also capable of depolarizing CA3 neurons [68, 69] and increasing the frequency of spontaneous excitatory postsynaptic currents (EPSCs) [69] . Thus, CRH is capable of increasing excitability in multiple subregions within the hippocampus.
Furthermore, CRH is sufficient to increase epileptiform activity in the hippocampus [70] and has been shown to induce seizure activity on its own [70] [71] [72] [73] (for review see [40] ). These data support the theory that CRH is proconvulsant.
Corticosterone
Corticosterone (CORT) exerts its actions through activation of MRs and GRs (for reviews see [74, 75] ). Generally speaking, CORT increases neuronal excitability via rapid actions on MRs and attenuates activity on a longer time scale via actions on GRs (for review see [40] ).
Exogenous cortisol administration induces epileptiform activity in response to sub-threshold stimulation [76] , and corticosterone increases epileptiform discharges in rats [77] . Corticosterone increases seizure susceptibility to kainite-induced seizures [78] , cocaine kindling [79] , and amygdala [80] [81] [82] and hippocampal kindling [83] . Furthermore, corticosterone has been demonstrated to increase seizures in primates [82, 84] . Consistent with the proconvulsant actions of corticosterone, seizure frequency is highest at the time of day with the highest cortisol secretion [85] .
Long-term exposure to glucocorticoids, such as what would occur in response to chronic stress, induces neuronal cell loss in the hippocampus [86, 87] which may also contribute to dysfunction in the network activity and hyperexcitability [88] . Glucocorticoid-induced cell death is presumed to result from excitotoxicity resulting from enhanced glutamatergic signaling. Corticosterone promotes excitatory transmission in CA1 pyramidal neurons (for reviews see [40, 89] ) and has been shown to increase the frequency of miniature EPSCs in CA1 pyramidal neurons [90] . Corticosterone increases NMDA-mediated responses [91] and increases neuronal burst firing in CA3 pyramidal neurons [92] . These rapid effects of CORT on synaptic transmission are thought to be mediated by MRs [75] . In contrast, the actions of CORT via GRs result in longer lasting increases in firing frequency accommodation [93, 94] .
It is evident that the actions of exogenous stress hormones are proconvulsant, particularly in hippocampal sub-regions. However, the effects of stress hormones in vivo are complicated by the actions of hormones in multiple brain regions, the effects of stress hormones on multiple receptor subtypes, and both the timing and bimodal effects of steroid hormones.
Comorbidity of epilepsy and affective disorders
It is well-accepted that there is a comorbidity of mood disorders in patients with epilepsy. It is also becoming increasingly clear that these two disorders share a common pathological mechanism. Despite the overwhelming evidence and the significant impact of this comorbidity on the quality of life of patients [95] , few studies focus on investigating the pathological mechanisms of this comorbidity. Stress is a trigger for both epilepsy and depression, and significant accumulating evidence, from both human and animal studies, suggests that the hypothalamic-pituitary-adrenal (HPA) axis may play a role in the comorbidity of these two disorders [96, 97] (for review see [98] ).
Limbic circuitry and epilepsy
Temporal lobe epilepsy (TLE) is a common type of epilepsy in which seizures arise from the temporal lobe, including the hippocampus, parahippocampal gyrus, and amygdala, all of which are part of the limbic system. Due to its unique neuronal circuitry, the hippocampus seems particularly susceptible to the generation of recurrent seizure activity. Cell loss in the hippocampus has been noted independently in both depression and temporal lobe epilepsy, and may be additive in patients with both conditions [99, 100] . The propensity of seizures to arise from limbic regions may present a direct link between epilepsy and mood disorders.
Limbic regions, in particular the hippocampus, express an abundance of mineralocorticoid and glucocorticoid receptors [101] and are sensitive to regulation by glucocorticoids. The regulation of these structures by stress hormones may provide a direct link between stress, seizure susceptibility, and affective disorders. In addition, many of these structures play a role in the regulation of the HPA axis which will be discussed in the sections below.
Limbic circuitry and HPA axis regulation
The limbic system is involved in the regulation of the HPA axis (for review see [102] ). The hippocampus and prefrontal cortex primarily inhibit the activity of the HPA axis, whereas the amygdala activates glucocorticoid secretion [102] [103] [104] [105] . It is interesting to note that the brain regions associated with affective disorders and epilepsy also play a role in HPA axis regulation.
Hippocampus
The hippocampus is most commonly considered to inhibit the HPA axis [104, 105] . Stimulation to the hippocampus decreases glucocorticoid secretion [106, 107] and, conversely, lesions to the hippocampus increase glucocorticoid secretion [86, [108] [109] [110] (for review see [102] ). Furthermore, the hippocampus has a high density of mineralocorticoid and glucocorticoid receptors [111, 112] , further implicating the hippocampus in the negative feedback regulation of the HPA axis (for reviews see [113, 114] ). The hippocampus is a site of remarkable plasticity, including the capacity for neurogenesis in the adult animal. Neurogenesis has been demonstrated to play a role in the regulation of the HPA axis [115, 116] . Conversely, stress and glucocorticoids inhibit adult neurogenesis [117, 118] . These findings suggest that hippocampal neurogenesis may also play a role in the regulation of the HPA axis. Additional findings also implicate changes in neurogenesis with altered HPA axis regulation. For example, loss of GABA A receptor γ2 subunit expression in the adult forebrain results in reduced hippocampal neurogenesis and hyperexcitability of the HPA axis [119] . These studies highlight the importance of GABAergic inhibition in numerous brain regions on HPA axis regulation. Interestingly, neurogenesis has also been implicated in the changes in HPA axis regulation associated with depression. The effects of antidepressant drugs may involve enhanced hippocampal neurogenesis and consequent restoration of normal HPA axis function [120] . These findings demonstrate the multifaceted hippocampal-dependent regulation of the HPA axis.
Amygdala
The amygdala plays an important role in emotional processing of stimuli and is primarily thought to activate the HPA axis. Stimulation of the amygdala increases glucocorticoid secretion [121] [122] [123] , and lesions to the amygdala reduce glucocorticoid secretion [124] [125] [126] . The amygdala expresses a high density of glucocorticoid receptors [127] [128] [129] and a lower density of mineralocorticoid receptors [127] , implicating the amygdala in the negative feedback regulation of the HPA axis. The amygdala may also influence the HPA axis function via connections to other brain regions which exert control over the HPA axis, including the prefrontal cortex, hippocampus, bed nucleus of the stria terminalis (BNST), and other hypothalamic regions.
Medial prefrontal cortex
The role of the medial prefrontal cortex in the regulation of the HPA axis is region-specific, exhibiting topographic differences in regulatory control, which is likely due to differences in anatomical projections. For example, the infralimbic cortex projects to the BNST, amygdala, and the nucleus of the solitary tract, which are involved in the activation of the HPA axis. In contrast, the prelimbic cortex projects to the ventrolateral preoptic area, dorsomedial hypothalamus, and peri-PVN regions, which are involved in the suppression of the HPA axis. Furthermore, there is a high density of glucocorticoid receptors in the prefrontal cortex, suggesting that the prefrontal cortex may also be a site of negative feedback regulation of the HPA axis (for review see [15, 102, 130] ).
Limbic-HPA axis connections
Despite the clear role of limbic structures in the regulation of the HPA axis, there are few direct connections between the limbic structures and the PVN [15] . Limbic regions largely connect to the PVN via relay neurons, which are primarily interneurons in the BNST or peri-PVN region [130, 131] . It is remarkable that the majority of limbic connections onto the HPA axis involve an intermediate GABAergic connection. These findings further demonstrate the importance of GABAergic inhibition in the HPA axis regulation.
The importance of limbic regions in the regulation of the HPA axis highlights the relationship between stress and affective disorders. Further, the regulatory influence of limbic regions on HPA axis function may underlie dysregulation of the HPA axis and play a role in the comorbidity of affective disorders and epilepsy.
Depression and epilepsy
The overrepresentation of depression in patients with epilepsy is profound. Patients with epilepsy exhibit increased ideation and attempted suicide compared to the general population (for review see [132] ). Patients with epilepsy clearly have an increased incidence of mood disorders, but the converse may also be true. Individuals with mood disorders may be predisposed to develop epilepsy or exacerbate the progression of an existing epilepsy [133] . It is also becoming increasingly clear that depression and epilepsy may share common pathophysiological mechanisms. A bidirectional relationship between epilepsy and depression has been recently postulated where one condition may exacerbate the other [134] . Despite the considerable impact of this comorbidity on the quality of life of patients [95] , few studies focus on investigating the mechanisms underlying this comorbidity. Stress is a trigger for both epilepsy and depression, and significant accumulating evidence, from both human and animal studies, suggests that the HPA axis may play a role in the comorbidity of these two disorders [96, 97] (for review see [98] ).
A hallmark characteristic of major depression is hyperexcitability of the HPA axis [135] [136] [137] [138] . It is generally accepted that major depression is associated with abnormalities in the functioning of the HPA axis and stress exacerbates this disorder [139] [140] [141] [142] [143] [144] [145] . Dysfunction in the HPA axis has been implicated in the pathogenesis of depression (for review see [146] ), and epilepsy is associated with a dysregulation in the control of the HPA axis [96, 97] . For example, patients with epilepsy exhibit increased circulating levels of ACTH [147] , positive DEX/CRH response [96] , and increased CORT levels [9] [10] [11] [12] . These findings spurred the hypothesis that treatments directed at HPA modulation may have therapeutic potential for the simultaneous treatment of both depression and epilepsy.
Consistent with the overlapping pathophysiological mechanisms underlying mood disorders and epilepsy, treatments for these disorders also exhibit therapeutic overlap. Selective serotonin reuptake inhibitors (SSRIs) typically used as antidepressants also exhibit anticonvulsant properties [148] . Fluoxetine decreases spontaneous seizure frequency in the pilocarpine model of epilepsy [148] . Similarly, citalopram decreases the frequency of spontaneous seizures following kainic acid-induced seizures [149] . The anticonvulsant and antidepressant actions of SSRIs may involve a restoration of normal HPA axis function (for review see [150] ) and may be, in part, due to actions on GABA A receptors. Selective serotonin reuptake inhibitors have been shown to increase neurosteroid levels [151, 152] and normalize stress hormone levels in depressed patients [153] . Restoration of the HPA axis function and endogenous neurosteroid levels may play a role in the antidepressant and anticonvulsant effects of SSRIs. The evidence of HPA axis abnormalities in both epilepsy and depression implicates the stress response in the pathophysiology of these disorders and suggests that HPA axis modulation may be an attractive target for treating these disorders individually as well as the comorbidity.
Anxiety disorders and epilepsy
Anxiety is related to epilepsy in numerous ways. Anxiety can be a symptom of the ictal phenomenon, either as a component of a partial seizure or as an aura, in anticipation of a seizure event, a postictal phenomenon, an adverse consequence of AED treatment, or a psychiatric response to having a chronic illness (for review see [154] ). Indeed, there is an increased incidence of anxiety disorders in patients with epilepsy [155, 156] (for reviews see [154, 157] ). Seizures arising in limbic regions, such as in temporal lobe epilepsy, are most frequently associated with anxiety, and electrographic recordings support the role of limbic structures involved in anxiety associated with epilepsy [158, 159] . Furthermore, seizure severity is a predictor of anxiety levels [160] .
Post-traumatic stress disorder (PTSD) is an anxiety disorder resulting as a consequence of experiencing a severe traumatic event, such as one involving the threat of injury or death. Similar to other anxiety disorders, there is also a connection between PTSD and epilepsy (for review see [157] ). Sub-convulsive seizures have been associated with symptoms similar to PTSD [161] [162] [163] . Long-term changes in HPA axis activity have been associated with PTSD and may play a role in the comorbidity of PTSD and epilepsy. An interesting theory that has been proposed but requires additional investigation is the converse: that anxiety disorders increase the incidence of seizures [156, 164] .
Treatment for epilepsy
Current treatment strategies
Patients with epilepsy are treated with a variety of antiepileptic drugs (AEDs), although the specific mechanism of action of many of these drugs is largely unknown. Most medication strategies attempt to enhance inhibition, by increasing activity at GABA receptors, or to reduce excitatory activity. Medications to acutely stop seizures such as benzodiazepines and phenobarbital have direct effects upon GABA receptors, prolonging channel openings to various degrees. Anticonvulsant drugs have long been used as primary and adjunctive treatments for mood disorders, most notably bipolar disorder. Efforts to use anticonvulsants for depression and anxiety have also increased over the recent years. Ultimately, the mechanisms of anticonvulsants may prove to involve HPA axis modulation either directly or indirectly.
Therapeutic potential of neurosteroids
Neurosteroids play a prominent role in psychiatric and neurological disorders, including psychotic disorders, alcohol and substance abuse, memory disorders/dementia, anxiety, depression, and epilepsy. Therefore, there has been enthusiasm for neurosteroids for the treatment of a variety of disorders (for review see [163] [164] [165] ).
Synthetic neurosteroids have been developed which exhibit better bioavailability and efficacy. For example, ganaxolone is a synthetic analog of allopregnanolone and a potent allosteric modulator of GABA A receptors (for review see [165] [166] [167] ). Marinus, the pharmaceutical company that developed ganaxolone, has reported positive results in Phase II clinical trials for partial onset seizures and is currently starting clinical trials to evaluate the therapeutic potential of ganaxolone in the treatment of infantile spasms and post-traumatic stress disorder (PTSD) [168] . However, clinical trials for a similar compound targeting extrasynaptic GABA A receptors, gaboxadol, developed by Merck and its Danish partner Lundbeck, have been abandoned due to unusual side effects, including hallucinations and disorientation, as well as lack of efficacy [169, 170] . One of the limitations of neurosteroids as a therapeutic target is the wide distribution of GABA A receptors throughout the brain. Although neurosteroids act preferentially on a subset of GABA A receptors, the distribution of these receptors in multiple brain regions may result in adverse side effects.
Therapeutic potential of targeting glucocorticoid receptors
The involvement of the stress response system in numerous disorders, including depression and anxiety, has generated the hope that blocking the physiological effects of stress would have therapeutic potential. However, blocking the actions of stress hormones is not straightforward. Essential actions of stress hormones on the immune system and metabolic functions have presented obstacles to the successful use of these drugs.
The identification of CRF receptors led to the formulation of CRFR1 antagonists with enthusiasm that these compounds would be beneficial for the treatment of mood disorders, including anxiety and depression. Corticotropin-releasing factor receptor 1 (CRFR1) antagonists were successful in decreasing anxiety-like behavior, depression-like behavior, and addiction in animal models. However, CRFR1 antagonists have still not yielded any successful Phase III clinical trials (for review see [171] ). Although these compounds were effective in the treatment of depression, anxiety, and addiction in animal models, the clinical trials in humans were abandoned because of potential liver toxicity and limited efficacy. The new perspective on CRFR1 antagonists focuses on the limited use of these compounds for the treatment of dynamic stress disorders, such as post-traumatic stress disorder (PTSD) and panic disorder, rather than chronic conditions such as depression (for review see [171] ).
Glucocorticoid antagonists, such as mifepristone (RU-486), have also generated interest as therapeutic candidates for the treatment of stress-induced disorders. One complication of targeting glucocorticoid receptors is that blocking glucocorticoid function results in a compensatory upregulation of other steroid hormones, including ACTH and cortisol [172] , which can lead to adrenal insufficiency in some patients [172] . Further, glucocorticoid antagonism also results in the suppression of immune function [172] . Mifepristone underwent unsuccessful clinical trials for the treatment of major depression with psychosis and Alzheimer's disease (for review see [173] ). Due to the complications associated with glucocorticoid antagonists, enthusiasm for directly targeting the HPA axis for treatment has diminished.
Another consideration of glucocorticoid antagonists is that there is a diurnal rhythm of glucocorticoid secretion as well as glucocorticoid release in response to stress. It has been proposed that the mechanisms underlying the pulsatile and circadian baseline release of glucocorticoids are regulated independently [174] and, therefore, theoretically can be modulated independently. It may be possible to develop treatments for modulation of stress-induced glucocorticoid secretion while leaving diurnal glucocorticoid secretion intact. Recent research efforts described below suggests that a novel regulatory mechanism may modulate stress-induced corticosterone release, transiently overriding the circadian rhythmic release.
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Novel therapeutic targets
Enthusiasm for targeting the HPA axis for therapy has tempered due to the complications described above. However, modulation of the HPA axis for the treatment of stress-related illnesses still remains an intriguing option. Corticotropin-releasing hormone neurons, which control the HPA axis, are under robust GABAergic control [175] ; however, very little is known about the subtypes of GABA A receptors involved in this regulation. Identification of the subtypes of GABA A Rs controlling the stress response would have significant therapeutic potential, given that the composition of GABA A receptors dictates the pharmacology, kinetics, and anatomical distribution of these receptors [16, 24, 176] . Therefore, insight into the identity of the GABA A receptor subtypes regulating the HPA axis may reveal potential therapeutic targets for the treatment of stress-related diseases, including, but not limited to, Cushing's disease, epilepsy, and depression.
Unpublished findings in our laboratory demonstrated alterations in stress reactivity in mice lacking the GABA A receptor δ subunit (Gabrd −/− mice), implicating these receptors in the regulation of the HPA axis. These findings led us to hypothesize that δ subunitcontaining GABA A receptors may play a role in the regulation of the stress response. The expression of these receptors in parvocellular neurons in the PVN is altered following stress [25] , implicating these receptors in the regulation of the stress response. Given that δ subunit-containing GABA A receptors are sensitive to neurosteroid modulation [47] [48] [49] 177, 178] , we hypothesized that stress-derived neurosteroid actions on these receptors may be a novel regulatory mechanism controlling the HPA axis. Our lab recently demonstrated that the GABA A R δ subunit is expressed in the PVN using both Western blot and immunohistochemical techniques [20] . Consistent with the role of these receptors in HPA axis regulation, we demonstrated that CRH neurons are regulated by a neurosteroid-sensitive tonic current which controls the activity of these neurons [20] . Our data demonstrate that, under basal conditions, the firing rate of CRH neurons is decreased by a low concentration (10 nM) of the stress-derived neurosteroid, THDOC [20] . Furthermore, the inhibitory actions of THDOC on CRH neurons are mediated by GABA A R δ subunit-containing receptors, since there is no effect of THDOC on CRH neurons from mice lacking the GABA A R δ subunit (Gabrd −/− mice) [20] . These data demonstrate that CRH neurons are regulated by GABA A R δ subunit-containing receptors and implicate these receptors in the regulation of stress reactivity. Interestingly, the effects of GABA on HPA axis function are dramatically altered following stress. Stress activates GABAergic neurons which project to the PVN [179, 180] , and GABA agonists have been shown to increase circulating corticosterone levels [20, 181] .
We recently uncovered a novel mechanism underlying the GABAmediated activation of the HPA axis following stress [20] , involving excitatory actions of GABA on CRH neurons. The inhibitory effects of GABA require the maintenance of the Cl − gradient, which is primarily accomplished by the K + /Cl − co-transporter, KCC2, in the adult brain [182] [183] [184] . The function and surface expression of KCC2 are regulated by phosphorylation of KCC2 residue Ser940 [185] . Following stress, there is a dephosphorylation of KCC2 residue Ser940 and downregulation of KCC2, resulting in a depolarizing shift in the reversal potential for chloride (Cl − ) [186] and excitatory actions of GABA on CRH neurons [20] . These data demonstrate that cation chloride transporters play a dynamic role in the regulation of the HPA axis via dramatically altering the effects of GABA. We propose a model whereby in order to overcome the robust inhibitory GABAergic constraint on CRH neurons, KCC2 is rapidly dephosphorylated and downregulated following stress, compromising GABAergic inhibition and enabling the stress response to be mounted (Fig. 1) . Furthermore, we propose that this mechanism may be unique to stress-induced HPA activation and is independent from the diurnal corticosterone regulation. This is an important consideration in that it may be possible to modulate stress-induced corticosterone secretion without affecting the homeostatic diurnal corticosterone production. Future studies are required to investigate this hypothesis. In addition, these data suggest that cation chloride co-transporters may be a novel target for modulating the stress response (Fig. 1, right panel) .
Seizures activate the HPA axis: a vicious cycle?
Epilepsy is associated with a dysregulation in the control of the HPA axis [96, 97] . Patients with epilepsy have increased basal levels of stress hormones and these levels are further increased following seizures [9] [10] [11] [12] . Given the proconvulsant actions of stress hormones (see section "Stress hormones and seizure susceptibility"), it is possible that the activation of the HPA axis by an initial seizure event may contribute to future seizure susceptibility. Unpublished findings from our laboratory support this theory; however, future studies are required to fully investigate this hypothesis.
The regulation of stress-induced glucocorticoid secretion involves the dephosphorylation and downregulation of KCC2 in CRH neurons, transiently making GABA excitatory in CRH neurons, to mount the GABA-A δ subunitcontaining receptor Fig. 1 . Model of stress-induced HPA axis dysfunction and proposed treatment strategy. Under basal conditions, KCC2 maintains a low intracellular concentration of chloride, ensuring the inhibitory effects of GABA on CRH neurons (left panel). Following stress, KCC2 is rapidly dephosphorylated and downregulated, resulting in decreased KCC2 function, elevations in intracellular chloride, and excitatory actions of GABA on CRH neurons (middle panel). We propose that theoretical KCC2 agonists would restore low intracellular chloride levels and the inhibitory actions of GABA, which would constrain the HPA axis and be potentially therapeutic for stress-related disorders (right panel). Adapted from [20, 195] . Right panel is based on unpublished findings (Maguire, unpublished data) and speculation based on these unpublished results.
physiological response to stress (see section 6.1.1 above; [20] ). Thus, KCC2 may be a novel therapeutic target for HPA axis modulation (Fig. 1, right panel) . KCC2 agonists, of which there are none currently known in the published medical literature, would have therapeutic potential for the treatment of stress-related disorders reviewed in this paper, including anxiety, depression, and epilepsy, as well as neuropathic pain, neurodegeneration, ischemia, and many others (for review see [187] ) (Fig. 1, right panel) . In theory, KCC2 agonists would only affect neurons with deficits in the extrusion of chloride and compromised GABAergic inhibition, leaving neurons with inhibitory GABA rather unaffected. In this way, in the adult, KCC2 agonists would preferentially target neurons in affected regions. This may be why furosemide acts as an anticonvulsant agent [188, 189] . The anticonvulsant effects of furosemide have been proposed to be due to the inhibitory effects on NKCC1 [188, 190] . These data suggest that cation chloride co-transporters may be useful therapeutic targets.
Consistent with the therapeutic potential of loop diuretics, bumetanide has been shown to have antiepileptic properties in the treatment of neonatal seizures in both humans and rodents [191, 192] . We propose that bumetanide may have antiepileptic effects in adults as well. One of the therapeutic limitations of bumetanide is the limited penetration of this compound into the brain [193] . Following seizures, there is a breakdown of the blood-brain barrier (BBB) which may facilitate bumetanide access into the brain, perhaps gaining access preferentially in affected regions. Clearly, additional studies are required to investigate the therapeutic potential of targeting cation chloride co-transporters in the adult. Interestingly, bumetanide has also recently been shown to exhibit anxiolytic properties [194] . Therefore, targeting cation chloride co-transporters may have therapeutic potential for treating the comorbidity of anxiety and epilepsy.
Conclusions
Robust evidence suggests that stress and the HPA axis may play a critical role in the pathophysiology of epilepsy. Steroid hormones and brain regions intimately associated with HPA axis regulation may prove to be fundamental mediators not only in epilepsy pathophysiology but also in molecular mechanisms of depression and stress conditions. Stress has long been known to worsen medical illness, and the comorbidity of epilepsy and psychiatric illness associated with stress continues to challenge clinicians. Despite the previous obstacles encountered in targeting the HPA axis for treatment, HPA axis modulation remains a compelling therapeutic target. New animal models described above have revealed a novel mechanism regulating stress-induced corticosterone secretion, involving transient excitatory actions of GABA on CRH neurons. It may be possible to specifically modulate stress-induced glucocorticoid secretion without manipulating the basal, diurnal glucocorticoid regulation, which would prevent many of the adverse effects associated with glucocorticoid antagonism. Ultimately, translational efforts may lead to novel treatments that can address clinical conditions that may be more aptly referred to as disorders of HPA axis dysregulation.
